including cultivar, development stage and level of soil Cd contamination. The aim of this study was to investigate the effects of soil Cd contamination, evaluated as concentration-and time-response on Cd accumulation and distribution in different portions of sunflower plants, growth and physiological responses during the vegetative growing cycle.
MATERIAL AND METHODS
Plant material and experimental layout. The experiments were carried out on sunflower plants (Helianthus annuus L., cv. Oleko) grown in plastic pots filled with 10 kg of soil, under natural light in a temperate-controlled glasshouse maintained at 26/18°C (day/night). Plants were subject to six levels of soil contamination corresponding to 2.5, 5, 7.5, 10, 12.5, 15 mg Cd kg/soil (referred to as Cd 2.5 through Cd 15 ) with an untreated soil as a control (Cd 0 ). The experimental soil was air-dried and homogenized before use; its characteristics are shown in Table 1 . The pots, after filling, were sealed at the base to prevent loss of water and divided into 7 groups to which, except the untreated control, a CdSO 4 solution (containing 43.25, 86.50, 129.74, 172.99, 216.24, 259 .49 mg of CdSO 4 , respectively) was applied bringing the soil to the maximum water holding capacity. Seeds were pre-germinated and then planted one per pot. Seventy-six pots were set up in a completely randomized design and each treatment was replicated 4 times; 48 pots, only for 3 treatments (Cd 0 , Cd 5 , Cd 10 ), were harvested during the growing cycle at 24, 32, 38, 46 days after emergence (DAE); 28 pots, for all 7 treatments, were collected at the end of the vegetative growing cycle, 54 DAE, when plants were at the flower bud stage.
Sampling and measurements. Physiological parameters, total dry matter and Cd concentration in the tissues samples were determined for 4 plants of each treatment at 54 DAE; Cd concentration of the tissues were also analysed during plant growth at 24, 32, 38, 46 DAE for the only treatments Cd 0 , Cd 5 and Cd 10 . Gas exchange parameters (net CO 2 assimilation rate -A; stomatal conductance -g s ; transpiration -T; sub-stomatal CO 2 concentration -C i ) were recorded on the youngest fully expanded leaves exposed to high light intensity (PAR > 1200 µmol/m 2 /s) by using LI-6400 portable gas exchange systems (Li-Cor, Lincoln, USA). During measurements, leaf temperature was maintained at 22 ± 1°C and CO 2 was set at 400 µmol/mol. Chlorophyll concentration (Chl) was determined according to Porra et al. (1989) . Total leaf water potential (Ψ) and osmotic potential (Ψπ) were measured using a Peltier cooled thermocouple psychrometer (Tru Psi SC10X, Decagon Devices, Pullman, USA). Leaf discs were removed and sealed in the psychrometer chambers in less than 15 s. Samples were allowed to equilibrate for 2 h before Ψ readings were made. Tissue Ψπ was measured at the same samples after freezing the tissue in liquid nitrogen and re-equilibrating the psychrometer at 20°C for 4 h. Relative water content (RWC) was determined using 1 cm 2 segments of leaf tissue, which were weighed to record fresh weight (FW), floated in distilled water for 5 h to determine turgid weight (TW) then oven-dried at 70°C for 48 h to measure dry weight (DW). RWC was calculated as (FW -DW)/(TW -DW). After physiological measurements, plants were harvested and partitioned into stem, leaves (divided in young, mature and old) and roots. Roots were washed, sonicated Vol. 59, 2013, No. 6: 254-261 in 0.05 mol/L CaCl 2 for 10 min in an ultrasonic bath (Transsonic T 460/H, Elma, Germany) and rinsed with deionised water. All samples were oven-dried (70°C for 48 h), weighed to determine the dry matter (DM) and ground in a stainless box mill. Subsamples of 0.5 g were digested for 32 min in a microwave digestion unit (Milestone 1200 MEGA, Bergamo, Italy) by using 5 mL HNO 3 and 1 mL H 2 O 2 ; after that 50 mL of distilled water was added to the sample volume. The resulting solutions were analyzed for Cd concentration by using the ICP/OES spectrometer (Thermo Scientific iCAP 6000 Series Cambridge, UK). Certified reference material was digested and analyzed together with the sample for quality assurance. Total leaf Cd concentration was determined dividing the total leaf Cd content by the total leaf DM. The translocation factor (TF) was calculated as Cd concentration in the epigeous dry matter divided by Cd concentration in the roots. Statistical analysis was performed by R software (version 2.10.1 Vienna, Austria). All variables were tested with one way ANOVA followed by the Duncan's test.
RESULTS AND DISCUSSION
Cadmium accumulation and partitioning in plant. At 54 DAE an overall increase of Cd in plant tissues was observed with increasing of Cd in soil. In particular, Cd increased of about 10-fold in leaves (from 0.06 of Cd 2.5 to 1 mg Cd/kg DM of Cd 15 treatment) ( Figure 1A ) and of about 3-fold in roots (from 3.6 of Cd 2.5 to 10 mg Cd/kg DM of Cd 15 treatment) ( Figure 1B ). Instead, in stem and flower bud Cd highly increased only from Cd 2.5 (0.06 mg Cd/kg DM, on average) to Cd 5 treatment (0.6 mg Cd/kg DM, on average), afterwards it remained almost constant in flower bud and declined in stem to 0.35 mg Cd/kg DM in Cd 15 treatment ( Figures 1A,C) . Regardless of treatments, Cd was accumulated more in the roots than in the epigeous portions, in which the highest accumulation was found in the leaves, mainly in the old ones (Figure 2 ). Many species, including sunflower, accumulate toxic metals mainly in the roots (Groppa et al. 2008 , Vamerali et al. 2012 ); according to Wu (1990) Vol. 59, 2013, No. 6: 254-261 Plant Soil Environ. roots. However, the activities of metal sequestering pathways in root cells and the transport efficiency through the xylem seem to play a key role in determining the rate of translocation to the different aerial parts (Clemens 2006) . The high Cd concentration, found mainly in roots and old leaves, suggested that sunflower tend to avoid toxicity in the physiologically most active portions of the plants by reducing Cd translocation to the epigeous portion, and by promoting the retranslocation of toxic metals from shoots to the roots. This mechanism of intra-plant allocation was described also in other species subject to Zn stress (Di Baccio et al. 2009 ), and it is similar to those found for sunflower as effect of Cl stress in salinity conditions (Rivelli et al. 2010) . Considering the vegetative growing phase, Cd concentration declined with time in all portions of the plant (leaves, stem and roots) (Figure 3 ). In particular, in both leaves and stem of the treated plants, Cd was reduced over time of about 70% passing from the early stage (24 DAE) to the end of the vegetative growing phase (54 DAE); whereas in roots it declined by about 57%. Reduction in Cd concentration over time in sunflower plants was also obser ved by Madejón et al. (2003) . Plant Soil Environ. Vol. 59, 2013, No. 6: 254-261 the roots, the TF was very low and less than 1, and it further showed a significant (r 2 = 0.92) decreasing during the time ( Figure 4A ). Probably, at the early stage of growth, the most likely first response of the plant is the metal accumulation (with consequent production of complexes, i.e. phytochelatins, that immobilize Cd in the cells), whereas later the plants reduce and/or block the uptake and the translocation of the toxic metal. Nevertheless, the TF significantly increased by increasing the levels of Cd in the soil ( Figure 4B ), and declining only in the most contaminated treatment, probably as an effect of Cd toxicity. Plant growth and physiological response. The Cd levels applied and its accumulation in plants produced only few significant negative effects on physiological response of the plants. Among water relation parameters, only leaf Ψπ significantly decreased from -1.17 MPa in Cd 2.5 to -1.34 MPa in Cd 15 by increasing the levels of Cd in the soil, whereas RWC (Table 2 ) and Ψ (data not shown) were not significantly affected. Similar results were found also for the gas exchange parameters (A (Table 2) , g s , T, C i (data not shown)). There are no univocal reports on the relationships between Cd stress and water relations since Cd can interfere in several ways on the parameters that affect leaf water potential (Poschenrieder and Barcelό 2004) . According to Barcelò et al. (1986) , Cd can alter the water relations by disturbing water balance throughout the effects on stomatal conductance, water transport and cell wall elasticity. In previous studies on sunflower (Rivelli et al. 2012) we found that Cd can compete with several essential Cd 15 77.7 ± 1.6 -1.34 ± 0.04 a 31.9 ± 1.3 230 ± 12 b F probability ns P ≤ 0.01 ns
Values are means (n = 4) ± SE, means followed by the same letters are not significantly different for P ≤ 0.05 according to the Duncan's test; ns -not significant. Cd 0 -0 mg Cd kg/soil; Cd 2.5 -2.5 mg Cd kg/soil; Cd 5 -5 mg Cd kg/soil; Cd 7.5 -7.5 mg Cd kg/soil; Cd 10 -10 mg Cd kg/soil; Cd 12.5 -12.5 mg Cd kg/soil; Cd 15 -15 mg Cd kg/soil Vol. 59, 2013, No. 6: 254-261 Plant Soil Environ. nutrients (e.g. Ca, K) altering their concentration in tissues. The effect on osmotic potential could be ascribed to dysfunctions of the membrane integrity caused by displacement of Ca from the cell surface by Cd or, as suggested by Poschenrieder and Barcelò (2004) by the increase of solutes in Vol. 59, 2013, No. 6: 254-261 cells, probably in the vacuoles, that store Cdcomplexes. Conversely to gas exchanges, total Chl (Table 2) and Chlb concentrations (data not shown) were significantly affected by Cd levels in the soil. Furthermore, significant negative relationships were found between Cd concentrations in the young leaves and Chl, Chla and Chlb concentrations (Figure 6 ). Reduction in Chl is not always associated with chloroplast photo-functioning and consequently with light absorption, thus, the fraction of incident light absorbed can remain high even at very low leaf Chl concentration, preserving the overall photosynthetic activity (Baryla et al. 2001) . Anyway, loss of chlorophyll could precede the inhibition of photosynthesis (Baszynski et al. 1980) , and can be due to Chl degradation and/or disorders in its biosynthesis, reduction of thylakoid membrane integrity (Santos et al. 2001) and/or substitution of the central Mg ion (Küpper et al. 1998) . Focusing on the Chla/Chlb ratio ( Figure 6 ), results showed that it linearly and significantly increased by increasing leaf Cd concentration due to the higher reduction of Chlb than Chla in Cd-treated plants. Differences in the percentage of reduction in Chla and Chlb could be due to preferential degradation of Chlb and its conversion in Chla, as suggested by Fang et al. (1998) . The weak effects on physiological parameters were reflected on plant growth response and dry matter production; indeed, no significant differences were observed in shoot and root DM ( Figure 5 ). Only flower bud DM significantly increased by increasing Cd in the soil ( Figure 5 ) particularly in the most contaminated treatments. Such response could be associated to an early flowering induction observed at the end of the experiment, as a probable effect of Cd stress. Arteca and Arteca (2007) reported that the exposure to Cd stress induces the ethylene production, a hormone which regulates growth and several physiological processes including flowering induction.
In conclusion, our results indicate that sunflower accumulates increasing amounts of Cd in the tissues at increasing Cd contamination in soil, without negative effects on growth and dry matter production. Roots and old leaves are the main metal sinks due to a low translocation from roots to the shoot and a probable re-translocation toward old leaves, suggesting a defense or tolerance mechanism to avoid toxic levels in physiologically most active apical tissues. Sunflower, a fast-growing crop, which produces an appreciable dry matter production while accumulating Cd in the tissues, seems to be interesting in view of the phytoremediation technologies, to gradually remediate the soil at low cost, while producing harvestable biomass usable for industrial purposes. However, results should be investigated in open field, by using the standard agronomic practices, in order to test and improve the removal/stabilization of heavy metal from contaminated soils.
